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Abstract

A 13.5 kV 4H-SiC PiN rectifier with a considerable active area of 0.1 cm? is fabricated in this paper. Charge-field-modu-
lated junction termination extension (CFM-JTE) has been proposed for satisfying the requirement of ultra-high reverse
voltage, which enlarges the JTE dose tolerance window, making it approximately 2.8 times that of the conventional
two-zone JTE. Besides, the CFM-JTE can be implemented through the conventional two-zone JTE process. The meas-
ured forward currentis up to 100 A @ V, =5.2 V in the absence of carrier lifetime enhancement technology. The CFM-
JTE structure accomplishes 96% of the theoretical breakdown voltage of the parallel plane junction with a relatively

small terminal area of 400 um, which contributes to achieving the Baliga’s figure of merit of 58.8 GW/cm?.
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Introduction
Silicon carbide has become a new option for improving
power applications due to its characteristics of higher
voltage operating at thinner active layers, extended
power density, higher frequency switching, better heat
dissipation, smaller system size and lower system cost [1,
2]. In the past few years, commercial SiC rectifiers and
MOSEFETs have been rated at 1.2-1.7 kV. However, in
representative application fields such as smart grids, elec-
tric vehicles, pulse power supplies and ultra-high-voltage
solid-state power supplies, there is increasing demand
for blocking capability of over 10 kV and forward current
capability of over 1000 A cm™2.

Up to now, the main challenges faced by 10 kV and
higher-level SiC power electronic devices have focused
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on the performance of the junction termination technol-
ogy, simplification of fabrication processes, high quality
of thick epitaxial layer and reduction in surface defects.
For ultra-high-voltage SiC devices, the length of the ter-
minal structure is mostly 6-8 times that of the epitaxial
thickness [3], which tremendously reduces the utilization
rate of the wafer and thus increases the cost for fabrica-
tion. 4H-SiC PiN rectifiers have become the most suitable
candidates for ultra-high-voltage applications as a result
of the conductivity modulation effect. For the field lim-
iting ring (FLR) structure, a precise optimization design
can be obtained through analytical calculation [4], while
the current photolithography cannot accomplish the
accurate space and width of the rings. The novel field lim-
iting ring terminal for 10 kV SiC device has been applied
to have a high reverse protection efficiency [5, 6], but
its terminal area exceeds 700 pum, resulting in additional
consumption of the SiC wafer. Junction termination
extension (JTE) is another frequently used high-effi-
ciency terminal protection structure, but its efficiency

©The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-020-03443-5&domain=pdf

Wen et al. Nanoscale Res Lett (2020) 15:211

is extremely sensitive to the dose of JTE. For ultra-high-
voltage levels, MZ-JTEs and CD-JTEs [7] are utilized to
critically modulate the electric field and require strict
ion implantation conditions and times, which in turn
increase the manufacturing complexity and cost. In order
to improve the conduction ability, researches on char-
acteristics of barrier height between diverse metals and
SiC have been carried out [8, 9]. Usually, 50—100-nm-
thick Ti/Al film is formed for the anode ohmic contact
and Ni film is for cathode ohmic contact, respectively.
Besides, the scale of the active area of the 4H-SiC recti-
fier will greatly affect the forward current characteristics.
It is found that in the 4H-SiC N-type epitaxial layer, the
Z, o center (E-—0.65 eV), the acceptor level of the carbon
monovacancy, mainly affects the carrier lifetime [10].
Aluminum ion implantation will lead to a large concen-
tration of massive deep levels involving the Z,,, center
in the mesa periphery and junction termination region
[11], resulting in a decrease in carrier lifetime. Therefore,
4H-SiC rectifiers with a large active area (>9 mm?) are
required in design and manufacture for the impact of the
reduced carrier lifetime in the mesa periphery region and
termination region is relatively negligible.

In this paper, the 4H-SiC CEM-JTE PiN rectifier is fab-
ricated on a 100-pm epitaxial layer of 5 x 10'* cm™ and
achieves considerable blocking capacity of 13.5 kV in the
off state and forward current of 100A @ V=5.2 V in the
on state. The differential on-resistance of the CFM-JTE
PiN rectifier is measured of 3.1 mQ cm? at room tem-
perature. The CFM-JTE obtains 96% of the theoretical
breakdown voltage through the concept and analysis of
charge field modulation, which favorably expands the tol-
erance window of the implantation dose and leads to an
acceptably termination length of 400 pm.

Methods

Device Structure Analysis

The design, optimization and analysis are executed
by Silvaco-TCAD. Figure 1 shows the schematic of
the 4H-SiC PiN structure with termination, involv-
ing: (a) charge-field-modulated (CFM-JTE), (b) out-
ring-assisted JTE (ORA-JTE), and (c) two-zone JTE
(TZ-JTE). In the blocking state, the electron—hole
collision ionization rate is closely related to the elec-
tric field strength. A concept of charge electric field
modulation E (r) is proposed to reveal the modulation
mechanism of the CFM-]JTE through the vector super-
position method of the terminal electric field caused by
the charge electric field E (r) in Fig. 1la. The CFM-JTE
consists of JTE1 region, JTE2 region and three groups
of rings. The multiple rings equivalently divide the ter-
minal into five doped zones: R;-R,, R,-Rs, R3-R,, Ry-Re
and R;-R,, where effective charges of Q;, Q,, Q3, Q, and
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Fig. 1 Schematic section of 4H-SiC PiN rectifier with a CFM-JTE, b

ORA-JTE, c conventional TZ-JTE

Q; are introduced, respectively. Based on the decom-
position and superposition of electric field vectors at x
and y coordinates, the overall electric field located in R,
point caused by the applied potential field E,(r) and the
charge electric field Eq,(r) generated by every Q; can be
analytically expressed in the x and y directions, as given
in Egs. (1) and (2), respectively.

i—1 5

Erix = pr + ZE@'x - ZEij (1)
j=1 j=i
i—1 5

Eriy =Epy+ Y Eqy+ Y _ Eqy 2)
j=1 j=i

In the off state, the low-doped depletion region con-
tracts prematurely and aborts at the termination region
due to the curvature effect in the PiN main junction.
Thus, the applied potential field E,(r) is fulsomely con-
centrated at the main junction periphery. The existence
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of Q, promotes the depletion along the CFM-JTE to the
outermost epitaxial layer. The strength of the charge
electric field Ey, is associated with the quantity of Q.
The decrease in Q; along the terminal outer edge effec-
tively achieves the electric field modulation in the ter-
minal region. Consequently, through the mechanism
and effect of charge electric field modulation, CFM-
JTE availably overcomes the deficiency of low diffu-
sion coefficient of SiC to form the varied lateral doping
(VLD) effect, which is a highly effective, robust and
mature junction terminal protection technology for Si
devices [12, 13]. The ring width (w,) of each group is
decreased to 15 um, 12 um and 9 pum, respectively. The
space of each ring is equal to the same value of 5 um.
The length and dose of the JTE1 region and the JTE2
region are both at a fixed ratio of 3:2. The detailed
parameters of the proposed rectifier are given in
Table 1.

Simulation and Optimization
In order to decrease the deviations caused by the sensi-
tivity of the device structure and doping concentrations,
the processing configuration Athena is applied. The dop-
ing concentrations of the CEM-JTE are formed through
multiple steps of aluminum implantation process simula-
tion. The total depth of doping reaches nearly 1 pm.
Figure 2 shows the blocking capacities and the toler-
ances to implantation dose of CFM-JTE, ORA-JTE and
conventional TZ-JTE. The four termination structures
share a fixed-length value of L =400 pm to compare their
efficiency. Both the length and dose of JTE1 and JTE2 are
fixed at the ratio of 3:2. The simulation is performed on
the 2-D structure, and the breakdown judgment crite-
rion is that the reverse leakage current reaches 1 x 10~°
A. The black solid line represents the theoretical BV

Table 1 Structure parameters of the CFM-JTE 4H-SiC PiN
rectifier

Parameter Value

N~ drift doping 5% 10" cm™
N~ epitaxial layer thickness 100 um

N* substrate doping 1%10%cm™3
P+ layer doping 1%10%cm™3
P+ layer doping 5% 10" cm™3
P* layer thickness 1 um

P* layer thickness 0.5 um

Mesa depth 2 um

Ring space 5um

Ring depth 1 um

JTET length/JTE2 length 32
Dose_JTE1/Dose_JTE2 32
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which is calculated as 14.1 kV according to [10, 14], and
the gray dashed line indicates 12 kV. The design margin
of 20% is applied in the target for 10 kV considering the
process tolerance and simulation deviation. In the con-
ventional TZ-JTE, the breakdown voltage is quite sensi-
tive to the implantation dose and reaches over 12 kV only
when the dose varies between 0.98 and 1.14 x 10" cm™2.
The sensitivity of ORA-JTE to JTE injection concen-
tration is alleviated, and a wider tolerance window of
0.97-1.28 x 10" cm™2 is obtained to maintain the target
voltage above 12 kV. The CFM-JTE has the widest toler-
ance of the implantation dose window in a range of 0.86—
1.30 x 10" cm™2, which is approximately 2.8 times that of
the conventional TZ-JTE and 1.4 times that of ORA-JTE.
Thus, the CFM-JTE shows better robustness for process
variations.

Figure 3 shows the comparison of the surface electric
field distribution and intensity of CFM-JTE, ORA-JTE
and TZ-JTE in the blocking state. The peak electric field
is mainly concentrated in the main junction and the ter-
minal periphery. CEM-JTE availably flattens the electric
field distribution and promotes the electric field strength
along the terminal, which ultimately improves the block-
ing capacity efficiently.

In order to comprehend the mechanism of CFM-JTE
modulating charge electric field, the distributions of the
breakdown electric field across AA’ cutline in Fig. 1a with
different implantation doses of JTE1 are plotted in Fig. 4.
The existence of Q,, especially the highly doped Q, zone
next to the main junction, immensely alleviates the con-
centration of electric field lines at the mesa etching cor-
ner. The Q; zone is set to ease the electric field crowding
at Ry point in Fig. la. The results demonstrate that the
uniformity of the electric field distribution can be effec-
tively improved through the modulation of the charge
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electric field Eq(r) in the terminal. Thus, the capability of
the blocking voltage and the reliability of the device could
be improved.

The size of terminal area affects the efficiency of the
chip utilization directly. In the blocking state, the applied
potential field is clustered around the main junction
periphery. The JTE1 region near the main junction needs
to introduce more charges to enhance the modulation
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Fig. 4 Surface electric field distributions in breakdown
corresponding to different implantation doses of JTE1

effect of the charge field (E,). Thus, L, needs to be set
longer than L,. When the ratio of L, to L, is fixed at 3: 2,
the blocking capacities of different lengths L on the ter-
minal are comparatively analyzed in Fig. 5.

The corresponding electric field distributions are dis-
played in Fig. 6. The large-scale area of CFM-JTE is con-
ducive to increasing the required charge Q; and giving
full play to the modulation effect of Eq(r), so as to obtain
a larger implantation dose tolerance window (TW).
When the CEM-JTE length L is set as 300 um, 350 pm,
400 pm and 450 um, the TW range increases sequen-
tially, corresponding to 3 x 10" cm™% 3.2x 10" cm™?,
4.4 % 10" cm™? and 4.7 x 10" cm™ in range on condi-
tion that the BV is over 12 kV. It is more appropriate to
select a terminal length L of 400 pum in this work based
on the trade-off of terminal size, JTE dose tolerance win-
dow, terminal electric field modulation and breakdown
voltage capability.
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charges (Qy), effective charges (Q) and applied potential

The existence of surface states should be considered in
the actual fabrication of the 4H-SiC PiN rectifier. These
surface states are derived from holes trapped in deep
interface states, fixed oxide charges of P-SiC (includ-
ing P layer and P-JTE region)/SiO, interface and the
implementation process [15-18]. For the CFM-JTE ter-
mination, the electric field modulation at the interface
S, and S, by interface positive charges (Q,), effective
charges (Q)) and applied potential in the direction of the
vertical is analyzed in Fig. 7.

Positive interface charges (Q,) generate an opposite
charge field (Eq;,) compared with the applied potential
field (E,,), helping to mitigate the electric field strength
in the direction of the vertical interface. Figure 8 exhib-
its the electric field distributions in SiO,/SiC interface S,
under conditions of different Q.

In terms of the charge field modulation analysis at
interface S, Eq, is opposite to the vector direction of
E,, and E,. The existence of Q; helps reduce the elec-
tric field in S2. Considering the existence of the inter-
face charge (Qy), a larger ionization effective charge Q is
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Fig.9 Comparison of influences to the blocking capacity by
interface charges in 4H-SiC PiN rectifier

required to counteract the electric field intensity gener-
ated by the Q,. Consequently, when the quantity of Q,
increases, the optimal implantation dose concentration
of JTE should be simultaneously enhanced to maintain
the same blocking capability. As shown in Fig. 9, the
overall BV-Dose curve shifts in the direction of rising
with the increase in Q.

Results and Discussion

The proposed CFM-JTE 4H-SiC PiN rectifier has been
manufactured in a 4-inch N-type wafer with 4° off-axis
(0001). The wafer is grown through epitaxy with four lay-
ers (N*, N7, P*, P*") corresponding to the concentra-
tion of 1x 10" cm™3, 5x 10" cm™3, 1 x 10" cm™ and
5x 10" cm™3. The major process flow of the CFM-JTE
fabrication is displayed in Fig. 10. The P*™ layer is grown
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through epitaxy to obtain uniform and highly doping
to promote the ohmic contact quality between SiC and
anode metal. The mesa etching structure is formed in
the ICP-RIE facility through the mesa-etching mask. The
etching gas is mainly composed of SF and oxygen. Multi-
ple Al ion implantations are implemented at a maximum
energy of 500 keV to form the CFM-JTE structure. A two-
step Al ion implantation is applied to form the five dimin-
ishing doped zones. JTE1 and R,-R; zones are formed
through the first implantation mask. JTE2, R;-R,, R;-R,,
R,;-Rs and Rs-Rg regions are configured simultaneously by
the Al ion implantation through the second implantation
mask. As is known to all, the ion activation rate in sili-
con carbide is not high after implanted with high-energy
ions, accompanied by severe lattice damage. In order to
improve the above undesirable situation, the aluminum
ion implantations are accomplished at a temperature of
500 °C through an oxide mask. Post-implantation anneal-
ing has been conducted in argon ambient at a tempera-
ture of 1800 °C for 10 min with a carbon cap in order to
further renovate the damage caused by high-energy ion
implantation and improve the accuracy of doping con-
centration by increasing the effective ion activation rate.
P-type SiC ohmic contact is formed using Al/Ti. The RTA
process is consistently carried out and inspected for two
minutes in an inert gas nitrogen environment at a tem-
perature of 1000 °C. High-quality passivation layers (SiO,
layer, Si;N, film and thick polyimide layer) are deposited
to prevent surface leakage and avoid sparking in air [5].
The CFM-JTE PiN rectifier covers an active area of up
to 0.1 cm? The fabrication process is consistent with the
conventional two-zone JTE 4H-SiC PiN rectifier, without
any extra masks or process steps, which is extremely con-
ducive to reduce the manufacturing complexity and cost.

The forward characteristics of the manufactured
CFM-JTE PiN rectifier are tested on the wafer using the
CS-3200 Curve Tracer instrument. The fabricated CFM-
JTE PiN rectifier exhibits a large capacity of forward cur-
rent conduction without carrier lifetime enhancement
technology. The forward current is measured up to 100
A corresponding to a forward voltage of 5.2 V, as shown
in Fig. 11. The differential on-resistance of the proposed
rectifier is measured as 3.1 mQ cm? at room tempera-
ture, corresponding to the forward voltage of 3.6 V. The
forward conduction characteristics at different tempera-
tures are also illustrated in the inset of Fig. 11. The I-V
curve shows negative temperature coefficient peculiarity.
This is because as the temperature rises, the mobility of
the material decreases, while the narrower band gap of
the SiC material reduces the self-built potential of the
P-N junction, and the carrier lifetime of the drift region
extends with the increase in temperature, thereby lead-
ing to an increase in the current density. The measured
turn-on voltage is defined at a forward current density of
10 A-cm™2 It gradually reduces from 3.14 to 3.04 V when
the ambient temperature rises from 25 to 150 °C. The
maximum shift of the forward turn-on voltage has been
stuck in a range of 3%, corresponding to a value of 0.1V,
which exhibits much better temperature stability than Si
PiN.

The 4H-SiC PiN rectifiers with CFM-JTE, ORA-JTE as
well as conventional TZ-JTE are fabricated on the 4-inch
wafer, and their terminal protection effects are shown in
Fig. 12. Reverse breakdown voltage measurements are
executed and immersed in Fluorinert oil to avoid arcing
in the air. In experimental measurements with JTE1 dose
of 1.2 x 10" cm™2, the PiN rectifiers with ORA-JTE and
the conventional TZ-JTE obtain the blocking capacities
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of 12.5 kV and 9.6 kV, respectively, with the same termi-
nal length of 400 pm.

Multi-batch samples of CFM-JTE PiN rectifiers could
repeatedly obtain the breakdown voltage of 13.5 kV at
the leakage current of 10 pA. The experimental blocking
voltage reaches up to 96% of the theoretical breakdown
value, which indicates that the CFM-JTE has a higher
terminal protection efficiency. A withstand voltage of
more than 130 V/pm has been achieved in the 100 pm
drift layer of the 4H-SiC PiN rectifier. The Baliga’s fig-
ure of merit (BFOM:BVZ/ROH,SP) reaches 58.8 GW/cm?
at room temperature. The CFM-JTE PiNs with different
JTE1 implantation doses have been manufactured. The
experimental and simulated values of the breakdown
voltage are depicted in Fig. 12b. The experimental val-
ues are in accordance with the trend of simulation and
confirm that the CEM-JTE structure can expand the JTE
dose tolerance window effectively. Table 2 compares the
characteristics of the recently reported ultra-high-voltage
4H-SiC rectifiers. The CFM-JTE 4H-SiC rectifier fab-
ricated in this work shows excellent performance in the
aspects of ultra-high-voltage blocking capacity, ultra-
high forward current conduction capacity and high ter-
mination efficiency.

Conclusions

In this work, the 4H-SiC CFM-JTE PiN rectifier has been
designed and fabricated successfully. The experimental
breakdown voltage of the CEM-JTE PiN is 13.5 kV cor-
responding to 96% of the theoretical blocking value. The
CFM-]JTE exhibits a much improved terminal protection
efficiency compared with the ORA-JTE (BV=12.5 kV,
with protection efficiency up to 88%) and the conven-
tional TZ-JTE (BV=9.6 kV, with protection efficiency
up to 68%). The CFM-JTE PiN rectifier acquires a large
forward current of 100 A @ V; = 5.2 V without using
carrier lifetime enhancement technology and exhibits
stable forward /-V characteristics at various tempera-
tures. The Baliga’s figure of merit for the CFM-JTE PiN
rectifier reaches 58.8 GW/cm? at room temperature. The

Table 2 Summary and comparison of characteristics of the recently reported 4H-SiC PiN rectifiers and this work

References BV (kV) Thickness (um) Active area Current density Ve(V)@ Ron’sp Termination Termination
(mm?) (AM/em?) @ V- (V)  100A/cm?  (mQ:cm?)@  length (um)  efficiency
Ve (V) (%)
This work 135 100 10 1000 @ 5.2 36 31@36 400 96
[19] 27.5 239 5.75 300 @ 20 16 28@7.6 - 83
[20] 10 150 9 222@52 48 3@125 400 50
[21] 10.2 120 <0.5 - - 450 88
[22] 15 147 <0.5 100 @ 9.7 9.7 62 @ 9.68 500 93
[23] 13 98 - 120@33 32 187@3.2 - 81
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tolerance of the implantation dose window for CFM-JTE
is enlarged based on the charge electric field modulation,
which is approximately 2.8 times that of the conventional
TZ-JTE and 1.4 times that of ORA-JTE, showing much
better robustness to process variation. In addition, the
manufacturing process for CFM-JTE is consistent with
the conventional TZ JTE process without increasing the
number of exceptionally complex processes or masks,
which demonstrates that the CFM-JTE is optimal for
ultra-high-power applications with satisfactory terminal
efficiency and process tolerance.
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